[1] We have developed a new method for extracting ionospheric parameters from broadband RF data collected in low-Earth orbit using coherent matched filters. The coherent matched filter uses the full time series of the electric field and matches the Fourier transform of these data with an ionospheric transfer function. This approach was applied to both lightning and human-made data transmitted on or near the ground and collected on-board the FORTE satellite, which is a low-Earth orbiting satellite with a broadband RF VHF receiver. We show that this approach allows us to discriminate natural (i.e., lightning) from human-made signals and provides a more accurate estimate of the total electron content (TEC) compared to the quasi-longitudinal approach applied to low VHF data. A comparison of TEC retrieval methods and sensitivity is described herein.
Introduction
[2] There are many techniques for probing the Earth's ionosphere, including (but not limited to) ground-based incoherent scatter radar, ground-based and space-based sounding, space-based radio beacons, and in situ rocket measurements [Kelley, 1989; Rishbeth and Garriott, 1969] . The integrated plasma density along a line-of-sight, or total electron content (TEC), is a typical product from twofrequency measurements using radio beacons. The most common TEC retrieval method utilizes the GPS constellation that orbits at approximately 22,000 km; GPS transmits at two L band frequencies that propagate through the ionosphere and are received by ground-based receivers. By differencing the phase or group velocities of the two L band frequencies, the TEC between the receiver and the GPS satellite can be determined [Foster and Coster, 2007] . This method typically applies a form of the Appleton-Hartree dispersion formula, which describes the propagation of an electromagnetic wave through the ionosphere, known as the quasi-longitudinal approximation. This form is valid for radio frequencies much greater than the peak plasma frequency of the ionosphere and for propagation not nearperpendicular to the magnetic field [Roussel-Dupré et al., 2001] . The quasi-longitudinal approximation is often then expanded in a Taylor series in order to extract the infinite frequency time of arrival of the signal. Both of these criteria are satisfied at L band for GPS.
[3] Another method for TEC retrieval uses broadband signals emitted on or near the ground that propagate through the ionosphere and are received on-orbit using broadband RF receivers [Lay et al., 2011] . These sources of broadband RF can be either human, such as from electromagnetic pulse (EMP) simulators, or lightning; the emitted frequency content spans tens to hundreds of MHz for human-made simulators. Current methods for analyzing broadband data collected on-orbit use a set of narrowband filter banks. The sensors monitor the background noise level through application of a "riding threshold" in each channel; when a signal rises above the background noise at some specified trigger level, it is flagged as a possible event. If N of M narrowband filter banks see such a trigger, the event is verified and stored for later analysis. Each filter bank, or channel, signal can then be analyzed as a function of its time delay. Either the quasi-longitudinal approach or application of the full Appleton-Hartree (A-H) equation is then applied in order to extract the TEC (or higher-order ionospheric parameters) [Mercier and Jacobson, 1997] . This method has a few limitations. First, since the ionosphere disperses the signal amplitude in frequency, the SNR of the event in any frequency channel is reduced proportionally with TEC when the dispersion exceeds the impulse response of the filter (i.e., the proportionality depends on both the TEC and bandwidth of the sensor). Moderate to severe ionospheric conditions can lead to a decrease in sensitivity and hence a decrease in the number of events detected. Concurrently, since only a few narrow bands are sampled within the entire signal, only a portion of the energy that is contained in the full sensor bandwidth is exploited. An improved method would utilize the entire frequency content of the emitted signal to estimate, and remove, the ionospheric effect (i.e., dechirping) from such signals by applying a coherent signalprocessing technique of time-frequency analysis (i.e., matched filter).
[4] Matched filter techniques are commonly used for radar SNR enhancement, and were adapted to transionospheric detection in a prior paper [Qian et al., 1995] . However, in that paper the focus is on implementation of a realizable number of filters, not on optimum parametric measure of the ionosphere, as is our focus here. In radar, we apply the inverse of the phase-shifting operation with the result that the dispersed pulse is compressed in time without losing energy (i.e., noise is not compressed). Radar has been used during the past half-century to study many ionospheric processes [Erickson et al., 2011] . However, unlike linear chirped signals used in radar, ionospheric dispersion is nonlinear and therefore requires a modified approach relative to common pulse compression techniques. Additionally, unlike radar where the transmitted chirped signal can be matched exactly, the TEC between the source and satellite is unknown. We must therefore develop a sophisticated method for testing a suite of TEC values against the data.
[5] In this paper, we describe an approach to extracting ionospheric parameters using a coherent method of timefrequency analysis and apply this to data collected on-board the FORTE satellite using a broadband VHF receiver. We utilize both the Los Alamos Portable Pulser (LAPP) to transmit broadband pulses in the VHF, as well as VHF lightning. Our results indicate that this method has a high degree of accuracy and could lead to the detection of weaker lightning signals and improvements in TEC estimation [Minter et al., 2007] . In section 2 we present an overview of the data, while in section 3 we present the matched filter approach. Our results are given in section 4. Section 5 summarizes the research effort.
Overview of Data
[6] Broadband VHF signals were generated by the LAPP and received at approximately 800 km altitude using a broadband RF receiver on the FORTE satellite. These instruments and their capabilities are described in sections 2.1 and 2.2.
Transmitter: Los Alamos Portable Pulser (LAPP) and Lightning
[7] The LAPP is a broadband, single-pulse, high-power signal source that simulates an EMP. The LAPP facility generates approximately 750 MW at the source with a 12°beam width and operates between approximately 25 and 160 MHz. It has extremely high-accuracy timing and can be used as a quick ionospheric dispersion signal source due to its microsecond update capability, compared to a minutes update capability for a typical ionospheric sounder. The LAPP is located at Los Alamos, New Mexico at 35.87°N and −105.33°E. The emitted signal is linearly polarized.
[8] In addition to the LAPP, we also detect both in-cloud and cloud-to-ground lightning strokes. These signals tend to be weaker than LAPP signals and often create transionospheric pulse pairs (TIPPs) that arise from reflection from the ground.
Receiver: Fast On-Orbit Recording of Transient Events (FORTE)
[9] The FORTE experimental satellite was launched on 29 August 1997 and is designed to detect and aid in characterization of broadband lightning and to allow ionospheric mapping and monitoring using impulsive events as probes. FORTE is still partly operational today, and lies in a 70°inclined, circular orbit at approximately 825 km altitude. It was used as a test bed for the next-generation sensor design at Los Alamos National Laboratory. Its sensors include a suite of broadband VHF receivers operating between 0 and 88 MHz, a broadband optical photodiode operating between 0.4 and 1.1 mm with 15 ms resolution, and a CCD imager capable of 10 km location accuracy. Data products include optical and VHF waveforms, event times, and event locations; precise to within the CCD data accuracy or to within field of view otherwise. The RF receivers have two 50 MHz passbands that are analog filtered to a 22 MHz bandwidth. The receiver detector uses a multichannel system, whereby each 1 MHz trigger sub-band detects energy above a noise-riding threshold. The typical algorithm requires 14-20 dB SNR and 5 of 8 channels to trigger in coincidence in order for a detection to be called an event. Further discussions on the processing and analysis of FORTE data can be found in work by Jacobson et al. 
Overview of Ionospheric Removal Methods
[10] In this section we explore two methods for extracting ionospheric parameters from broadband RF signals. The first is a traditional approach using a fit to frequency versus time data (i.e., "spectrogram") using both the A-H equation as well as a Taylor-expanded form of the equation. The second is a new approach that applies a coherent matched filter technique to the time series electric field data. Both methods are described in this section.
Nonlinear Ionospheric Retrieval Algorithm (NIRA)
[11] Traditional ionospheric retrieval methods primarily comprise measuring the time delay between RF signals transmitted at different frequencies in order to determine the TEC along the line-of-sight between the transmitter and receiver. This can include as little as two frequencies, such as with GPS L band transmissions, or entirely broadband emissions. When limited to a small number of frequencies, we are restricted to differencing the frequencies, which necessitates using an approximation to the actual dispersion relation that describes electromagnetic propagation through a plasma. Both methods are described below.
Appleton-Hartree Formula
[12] The A-H dispersion formula is a well-known equation that describes how the index of refraction, n, varies as a function of frequency, f, and is applicable to electromagnetic waves propagating through a cold plasma [Budden, 1985] . The equation is best described by
where
in which w p = 2pf p is the plasma frequency, w = 2pf is the radio frequency, W = qB/m is the cyclotron frequency, and is the angle between propagation and the magnetic field vectors. The sign in the denominator denotes the "mode" and is positive for ordinary waves and negative for extraordinary waves. Note that we have neglected both thermal effects and collisional effects in order to derive this equation. These assumptions are well justified, however, for radio frequencies above 1 MHz, since the maximum electron collision frequency (at 100 km altitude, during the day, during maximum sunspot number) is approximately 0.1 MHz.
Quasi-Longitudinal Approximation
[13] There are two useful approximations to the A-H dispersion relation known as the quasi-parallel and quasilongitudinal approximations. Longitudinal and parallel refer to the wave vector direction, not the wave electric field. The quasi-parallel approximation is typically used in the Earth's magnetosphere when considering whistler mode waves, where the wave frequency is much less than the electron plasma frequency (i.e., X ) 1). Conversely, for wave frequencies much greater than the electron plasma frequency, as well as the collision and cyclotron frequency, we can use the quasi-longitudinal approximation. Specifically, the quasilongitudinal approximation is valid when the condition
holds. In a very general sense, for "moderate" ionospheric conditions, the peak plasma frequency in the ionosphere is approximately 9 MHz. Therefore, ignoring the angular dependence, this equation is valid for wave frequencies well above 9 MHz during moderate conditions. In these cases, equation (1) can be Taylor expanded in terms of 1/f, resulting in
where b = ±1, with "+" representing the ordinary wave and "−" representing the extraordinary wave. [14] Using the formula for the index of refraction, we can now calculate the time delay for a wave to travel from a transmitter to a receiver through the ionosphere. Time delay can either be written as the derivative of the total phase shift [Moses and Jacobson, 2004] , or in terms of the group velocity, v g . By using the phase approach, we take into account delays associated with the change in frequency of the path from the source to the receiver, such that the time delay is expressed as
Time Delay
where is the total phase shift between the transmitter and the receiver; the group velocity is defined as
Using equations (4) and (5), the time delay can now be calculated using either the A-H dispersion relation (equation (1)), or the Taylor-expanded form of this relation (equation (3)). In order to compare to previous work, we write out the approximate form of the time delay explicitly and include terms up to third order, which becomes
where n e is the plasma density, " o is the permittivity in free space, and m is the electron mass. These terms are often grouped according to the effect that produces the delay. The second term (proportional to 1/f 2 ), referred to as t TEC , is the delay caused by the presence of a given line density of plasma in the path, and the third term (proportional to 1/f 3 ), referred to as t B , is the correction to the delay caused by the magnetic field. The term proportional to 1/f 4 is subdivided into t thick and t bend and refers to the dependence on how the electron density is distributed along the path and the refractive bending correction, respectively.
[15] The Nonlinear Ionospheric Retrieval Algorithm (NIRA) fits the dispersion of an impulsive broadband source by using either the full A-H equation or the Taylorexpanded version of A-H to give a refractive index that is used to calculate the frequency-dependent time delay. In the NIRA fitting routine, the plasma frequency, cyclotron frequency, and angle between propagation vector and magnetic field are all constants. The plasma frequency that best fits the data to this model represents the average plasma density in the ionosphere and the angle is fitted at the point of peak plasma density. The cyclotron frequency is calculated from the International Geomagnetic Reference Field magnetic field model at the location where the transmitted-receiver path reaches an altitude of 350 km. NIRA fits for the average electron density and ionospheric thickness. This model is described in work by Lay et al. [2011] .
Coherent Matched Filter
[16] A matched filter is a method for detecting a known signal hidden within a noisy signal. This is achieved by convolving the noisy time series with an expected signal, which must be estimated or known a priori. For the coherent matched filter method, we use the entire electric field signal in time received by FORTE and apply an ionospheric transfer function that matches the dispersion caused by propagation through the ionosphere. In essence, we remove the dispersion and compress the pulse in time using the reverse of the frequency-dependent phase shifts introduced through ionospheric propagation.
[17] We characterize the received amplitude of an initially unmodulated wave passing through the ionosphere by writing the time-independent electric field as
where n is the index of refraction given by equation (3) and k is the wave number [Smith, 1975] . This approach solves Maxwell's equations by assuming that there are no discontinuous changes in the refractive index and is often referred to as the "phase memory equation" because the phase of the electromagnetic field is given by the cumulative contribution from n over ds. In order to calculate the dispersion, we assume that the path that the electromagnetic traverses is approximately independent of frequency and is fixed by the value in the center of the bandpass region; we are therefore ignoring frequency-dependent refractive effects, which may become significant at low elevations. Next, we assume a slab-model ionosphere with some average density and fixed thickness. By expanding the index of refraction and using equation (7), we can solve for the electric field
where l is the wavelength. Furthermore, by ignoring the term with a fixed delay (since it does not contribute to the dispersion), we can develop a simplified ionospheric transfer function, H trans , which is the phase portion of equation (7) and is given by
where a is a constant, e 2 /(8p 2 c" o m), and TEC = R n e ds. Typically we modify this transfer function with a window. We then multiply the conjugate of this ionospheric transfer function with the fast Fourier transform (FFT) of the data.
Results
[18] In this section, we compare results between four different methods for removing the ionosphere from RF waves, including nonlinear fitting to the A-H equation, fitting to the quasi-longitudinal approximation (1/f 2 ), fitting to the approximation using higher-order terms (1/f 2 and 1/f 4 ), and the coherent matched filter technique. The broadband, ground-based sources include both LAPP and lightning; these signals were received on FORTE. We also present statistics showing how the differences in TEC change as a function of various parameters.
LAPP
[19] Our first test case is a signal transmitted by the LAPP on 27 November 2001 at 16:28 UT and received by FORTE; the elevation angle between the transmitter and receiver was 48.6°. Figure 1a shows the raw time series with no clear signal seen, while Figure 1b shows a zoomed-in version of the data. Figure 2 is an FFT of the data, showing numerous TV signal spikes but no clear LAPP signal. Figure 3 is a moving-window spectrogram of the received power as a function of frequency and time, with a window size of 3.41 ms. The LAPP is linearly polarized, however the splitting of the magnetoionic modes due to the Earth's geomagnetic field is clearly evident since the signal is the sum of both the ordinary and extraordinary modes. The horizontal, narrowband signals are due to modulated carrier waves including VHF TV.
[20] Next, we apply the coherent matched filter technique to these same data. We estimate the degree to which the two series are correlated, including the FFT of the data and our assumption of the ionospheric transfer function. We compute a series of shifted vector dot products, where "l" is the lag parameter. The cross correlator then gives "r" at lag "l" with −1 ≤ r ≤ 1 with the maximum correlation at the bounds and 0 indicating no correlation. In other words, the crosscorrelation function is maximized when the two signals have similar frequency content and are in phase. The lag data are plotted as a function of the TEC and color coded for amplitude in Figure 4 . This "bowtie" pattern is a typical result after applying the matched filter, with the peak signal strength (corresponding to the TEC) occurring at the center. Figure 4a shows the result of applying the coherent matched filter over the entire range of received frequencies (0-88 MHz); two bowties appear, which correspond to the ordinary and extraordinary modes. The transfer function does not discriminate between these two modes. Figure 4b results when the frequencies are restricted to 33-40 MHz. This restriction avoids interference from TV signals, so the correlation is much stronger. Figure 4c is the result of considering only the highest frequencies (>70 MHz). At these frequencies, the difference in ionospheric dispersion for the ordinary and extraordinary waves is negligible, and thus there is only a single bowtie. A slice through Figure 4a is shown in Figure 5 ; these data indicate the maximum signal strength across all lags at each total electron content unit (TECU; 1 TECU = 10 16 el/m 2 ).
[21] In order to extract the ionospheric parameters, we applied both NIRA as well as the matched filter algorithm to the data shown in Figure 1 . NIRA fits the data to the A-H dispersion relation, the 1/f 2 approximation, and the 1/f 2 + 1/f 4 approximation simultaneously in order to compare results. The results from these four approaches are contained in Table 1 . The TEC resulting from the matched filter most closely matches the TEC from the A-H fit. This is an interesting result, since the current matched filter uses an approximation to the A-H equation in order to solve for lag versus TEC. However, the matched filter does not suffer from a loss of SNR in any one narrowband filter and therefore the signal strength is maximized. This allows for a more accurate retrieval of the parameters associated with the channel propagation path (i.e., the ionosphere). The fundamental questions in our paper are how sensitive the shape of the ambiguity functions is to neglected terms of the Appleton-Hartree expansion, and how easily can we optimize upon the ambiguity function to find the global maximum? The bowtie shapes reveal that optimization on this smooth convex surface can be easily done, and our comparison data presented here reveal that the neglected terms do not impact the accuracy of optimization.
Lightning
[22] Our second test case is a TIPP from lightning detected on FORTE on 27 April 2001 at 11:47 UT. A TIPP occurs when the radiation from lightning reflects from the Earth's surface. Two signals are expected; one directly from the lightning and a second, at a later time, from the reflection.
[23] Figure 6 shows the raw time series data, including the entire signal ( Figure 6a ) and a zoomed-in version Figure 7 shows the standard FFT, again indicating no clear detectable signal. Figure 8 contains the spectrogram, which does reveal the TIPP, though clearly quite weak as compared to the LAPP signal. The splitting that we see here is due to the reflection and not due to splitting of the modes, since the separate traces would then converge at earlier times/higher frequencies.
[24] Since this event is a TIPP, we would expect the output of the matched filter to show considerable structure since the origin of this lightning is complex over a large volume in the cloud. This is evident in Figure 9 , which again shows a bowtie-like pattern with the point representing the TEC between the lightning source and the FORTE receiver. This pattern is unique from the LAPP signal, showing two distinct bowties at the same TEC, while the two bowties associated with the LAPP occur at different TECs because of mode splitting. Because it is complex, the effective coherent bandwidth is not the full bandwidth of the receiver, and therefore the processing gain is reduced. The original signal duration of 60 ms at the receiver is compressed to approximately 3 ms using the inverse filter; we would expect, at most, a processing gain of 13 dB. This example, therefore, stretches the matched filter; however, our results still show its utility. The output of the matched filter shows an SNR of 18 dB, which is approximately 8 dB higher than if we had used a traditional narrowband filter bank approach implemented in FORTE. These data are shown in Figure 10 .
TEC
[25] Using 102 LAPP emissions received by FORTE, we are able to compare in a statistical sense the TEC produced from the various fits. These data are shown in Figure 11 and correspond to the difference in TEC from the A-H nonlinear fit (taken as "truth") with the matched filter, the 1/f 2 , and the 1/f 2 + 1/f 4 fits. Again we see that the matched filter output Figure 5 . Signal amplitude as a function of TEC (in TECU), resulting from applying the matched filter to the data shown in Figure 1 . Data were generated by testing a bank of matched filters with different TECs against the data collected by FORTE. The signal amplitude is maximized when the tested TEC matches the TEC along the line-ofsight between LAPP and FORTE. Figure 6 . Typical time series showing amplitude as a function of time using data generated by a lightning discharge and collected by FORTE at VHF. Figure 7 . FFT of the data shown in Figure 6 showing amplitude as a function of frequency. best resembles the A-H fit, with the 1/f 2 fit consistently overestimating the TEC, and the 1/f 2 + 1/f 4 fit consistently underestimating the TEC. This effect is most pronounced at the lowest elevations when the algorithms are most stressed since ray-bending and high-TEC conditions preclude using the quasi-longitudinal approximation.
[26] Finally, we examine the TEC as a function of elevation using the four methods for a single pass of the FORTE satellite over the LAPP location. These data are shown in Figure 12 and show the variation in TEC with elevation. As expected, the TEC increases as elevation decreases. Again we see that the matched filter method shows the smallest deviation from the A-H fit, which we take as truth, while the other methods become progressively worse as elevation decreases and TEC increases.
Summary
[27] We have presented a novel method for determining ionospheric parameters using a coherent matched filter on the signal received on-orbit from a ground-based source. The coherent matched filter approach was compared to three other methods: a nonlinear fit of the A-H equation, a 1/f 2 fit, and a 1/f 2 + 1/f 4 fit. Taking the nonlinear fit to be truth, the matched filter is consistently the most accurate in estimating the TEC across all elevations. The coherent matched filter also discriminates between a human-made pulse from the LAPP and a natural signal from lightning. We can discriminate by examining the characteristic bowtie; the LAPP produces two bowties with different TECs due to the ordinary and extraordinary modes, while lightning produces two bowties at the same TEC due to the TIPP. Furthermore, the matched filter is capable of detecting the signal from only the 1-D electric field measurement; it is not necessary to make a spectrogram or filter out TV signals. Our future work includes designing an ionospheric transfer function that includes the full A-H equation, as well as a searchable Figure 9 . Signal amplitude as a function of TEC (in TECU) and lag for the data shown in Figure 6 . These results were generated by applying the matched filter for all possible TECs. [29] Robert Lysak thanks the reviewers for their assistance in evaluating this paper. Figure 12 . TECU as a function of elevation for a pass of the FORTE satellite over the LAPP. These results show that the A-H fit and the matched filter give similar results.
